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Data obtained from a wide variety of test methods 
both in vitro and in vivo and histological studies of 
stressed skin have led to an understanding of the me­
chanical properties of the dermis and the relation of 
these properties to the structure of the collagen and 
elastin fiber networks of the dermis. The mechanical 
properties are found to be well adapted to the mechani­
cal function of the dermis. The viscoelastic nature of the 
skin shows that a simple structural model based only on 
collagen and elastin is not adequate for a full under­
standing of this tissue. The role of proteoglycans in 
bonding collagen fibrils into large fibers and in connect­
ing these fibers into the fibrous net of the dermis is not 
well understood. Mechanical testing can yield informa­
tion on the nature of bonds at this level of structure. 
The primary function of the dermis of human skin is to 
provide nourishment and mechanical support to the epidennis, 
a thin cellular layer with very limited mechanical strength. The 
skin is subject to large defonnations and forces as a result of 
joint movements, minor trauma and common activities such as 
turning a door handle. This implies that the dermis must pennit 
large elastic defonnations requiring low forces and that it must 
also have a high tensile strength. It must also limit any defor­
mation to a value less than that :required to ruptur� the epider­
mis. 
The mechanical properties of skin have been measured both 
in vivo and in vitro by a wide variety of methods [1,2]. The 
simplest and, therefore, the most commonly used test is the in 
vitro uniaxial tensile test. The advantage of this test is that the 
applied stress and the resulting strain can be accurately con­
trolled and measured in a controlled environment using stan­
dard test equipment. The disadvantages are that the test does 
not simulate the biaxial stress situation found in vivo and that 
it is carried out on dead tissue. However, biaxial testing of skin 
is very complex, expensive and time consuming [3] and requires 
the use of much larger specimens which are difficult to obtain. 
As yet, no results of this type have been reported for human 
skin. In vivo tests are handicapped by the impossibility of 
measuring stress directly because of the complex geometry of 
the human body, the effect of the normal skin tension and 
tethering to underlying tissues. It is possible to overcome many 
of these problems by careful design of the testing apparatus and 
the use of the methods of engineering stress analysis [4]. 
The simple uniaxial tensile test allows one to describe the 
basic mechanical properties of skin and to investigate their 
dependence on the structure of the dennis. It is less useful in 
studying time-dependent mechanical properties as it has been 
shown that some of these properties are affected by removal of 
the specimen from the living body [5]. 
METHODS 
Human skin specimens were obtained at autopsy of fresh cadavers 
from the abdomen immediately below the umbilicus. These specimens 
were stored in saline at 4 ° for no more than 12 hr prior to test. Control 
tests on fresh skin obtained at surgery showed that specimens could be 
stored under these conditions for 48 hr with no effect on the tensile 
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properties. Tensile test specimens with a test section measuring 5 by 1 
cm. were cut from these skin samples and were mounted in the grips of 
an Instron TM-M tensile tester. During test, the specimen was im­
mersed in a tank containing isotonic saline and kept at 37°C. The 
deformation of the specimen was recorded by printing a grid of I-mm 
squares on the epidermal surface and photographing this at short 
intervals during the test. One end of the specimen was attached to a 
load cell. The other end was attached to a moving crosshead which was 
driven down at 1 cm/min. until the specimen failed. 
RESULTS 
The result of a typical test is shown in Fig 1 and 2. It is 
important to note the large extension of the skin which takes 
place at very low stress. After this initial extension, the skin 
rapidly becomes much stiffer and large increases in the applied 
stress produce little further extension. Failure occurs at a high 
stress comparable to that needed to fail many man-made po­
lymeric materials. In the initial extension region, the skin shows 
elastic behavior, i.e., on removal of the applied stress, the skin 
will return to its original dimensions and will return all of the 
energy stored during the deformation process. As the stress­
strain curve is also quite linear in this region, this elastic 
property can be measured as the Young's modulus E which is 
simply the slope of the curve. The value obtained for skin is 2 
orders of magnitude less than that found for elastomeric ma­
terials such as soft rubber or elastin. Simple calculations show 
that a value of this magnitude is required to pennit nonnal 
joint movements without any sensible effort being needed to 
stretch the skin around the joint. This behavior together with 
the high strength and the limit placed on the total extension at 
high stress show that the mechanical properties are well 
matched to the requirements described above. 
RELATION TO STRUCTURE 
The predominant component of the dennis (other than wa­
ter) is the fibrous protein, collagen. Tensile tests on straight 
fibers of collagen (e.g., rat tail tendon) show that it is a very 
strong and stiff material. Its strength is similar to that of skin 
and thus explains the high strength of skin. However, because 
of its high stiffness, its extension at failure is only 10% of that 
for skin. It is, therefore, necessary to study the geometry of the 
collagen fibers and the response of this structure to stress. This 
was done by stretching a number of skin specimens to different 
strains and fixing them in formal acetate while they were kept 
stretched [6]. The result of this study is shown schematically in 
Fig 3. It is seen that the apparently randomly coiled collagen 
fibers do not carry any part of the applied stress during the 
initial elastic defonnation. As fibers become oriented and 
straightened out in the stress direction they start to carry stress 
and, as more and more fibers do this, the high stiffness of the 
collagen prevents any further large strain. 
The elastic behavior during the initial extension cannot be 
explained by the collagen network. It has been shown to be due 
to the small amount of the elastomeric protein, elastin, present 
in the dennis [7]. The network of fine elastin fibers provides a 
return spring mechanism for the collagen network in the initial 
elastic large deformation region of the stress-strain curve. The 
elastin and collagen networks are, thus, sufficient to explain 
these basic mechanical properties of skin and also of many 
other soft tissues. 
The clinical evidence of Langer's lines shows that skin is not 
mechanically isotropic. Tensile testing of specimens oriented at 
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TIME DEPENDENT PROPERTIES 
The above testing methods do not take into account the 
effects of time on the stress-strain relation. For example, if the 
tests are done using a different loading rate, some minor differ­
ence is seen in the results. Much more dramatic effects are seen 
using the stress-relaxation test. This is done by stretching the 
specimen to a preselected strain and then holding that strain 
fixed. This is repeated for a variety of strains. If the test material 
is perfectly elastic, the stress will remain constant. The results 
of stress-relaxation tests of skin are shown in Fig 5. It is seen 
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FIG 1. Stress-strain curve at high stress. Skin was from the abdomen � 
of a 45-yr-old female. A = large elastic deformation; B = transitional I,/') 
region; C = high stiffness region leading to failure of the specimen. 
MPa = Mega Pascal. 
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FIG 2. Stress-strain curve at low stress showing details of the initial 
elastic region. The Young's modulus E is the slope of the initial linear 
part of the curve. kPa = kilo Pascal. 
right angles to each other shows that this anisotropy is related 
only to the magnitude of the initial large extension region (Fig 
4). Note that the initial low stiffness and the final high stiffness 
are not orientation dependent. The initial interpretation of this 
result is that the collagen network is not quite random and has 
a bias in one direction. However, as the initial configuration of 
the collagen is determined by the elastin network, it is really 
the elastin network which has this slightly nonrandom geome­
try. 
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FIG 3. Schematic of the relation of the geometry of the collagen 
network to the stress-strain curve. A = fibers straightening out but not 
yet carrying load; B = some fibers are straight and collagen starts to 
carry load; C = all fibers are carrying load. 
Strain 
FIG 4. Effect of specimen orientation. A = specimen taken parallel 
to cranio-caudal axis; B = specimen taken perpendicular to the cranio­
caudal axis. 
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that for strains corresponding to the initial large deformation 
part of the stress-strain curve, skin does indeed show elastic 
behavior. However, for strains corresponding to the region 
when collagen fibers are carrying part of the load, skin is no 
longer elastic. The stress decreases with time in an approxi­
mately exponential manner. Although the figure suggests that 
the stress is asymptotically approaching a final value, it is found 
to go on decreasing slowly for any practical test duration. This 
type of viscoelastic behavior is characteristic of all collagen 
containing tissues. 
It is important to note that significant viscoelastic effects 
occur only at stress levels which are not normally encountered 
by skin in vivo for more than very short time periods. The 
response of skin in vivo to prolonged application of such stress 
levels is quite different from the in vitro response. A stress 
sufficient to cause occlusion of the blood supply will result in 
necrosis. Lower stress may cause the skin to grow in area albeit 
with some damage in the form of striae. In addition to these 
long-term differences between in vivo and in vitro properties, 
much shorter term effects have been shown for loads applied in 
a cyclic manner to tissues such as periodontal ligament [5]. 
COMPRESSION TESTING 
Compressive loads are applied to the skin by chairs, shoes 
and the sockets of prosthetic limbs. The response to such 
loading is highly viscoelastic and is controlled by quite different 
mechanisms. The method shown in Fig 6 was used to study the 
compressive response of the skin over the anteromedial surface 
of the tibia in volunteer subjects [8]. The load on the indentor 
was held constant by a servo driven loading system while the 
thickness of the tissue between the indentor and the bone was 
measured by ultrasonic echoranging. Figure 7 shows the results 
of tests in which a load of 50 kiloPascal was applied for 10 min 
using a 4.7 mm diameter indentor. The load was then removed 
and the thickness monitored fo.- 'it lpast a further 10 min. 
The results show an immediate elastic response to both 
application and removal of the load. This is followed by a 
viscoelastic response to the constant load or a similar recovery 
over time to the original [issue thickness. The time for recovery 
increases greatly with the age of the subject. The geometry and 
magnitude of the deformation indicates that a large volume 
change takes place in the skin under the indentor. This implies 
that fluid is forced out of the tissue during deformation and 
returns during the recovery phase. 
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FIG 5. Stress relaxation behavior of skin in tension. The numbers 
on each curve are the fixed strains applied to the specimen during the 
test. 
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FIG 6. Compression test. A constant load is applied to living skin 
using a cylindrical indentor. The tissue thickness is measured using an 
echo-ranging transducer in the indentor. 
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FIG 7. Result of compression test. A constant pressure of 50 kilo 
Pascal is applied for 10 min and is then released . 
DISCUSSION 
Clinical application of knowledge of the mechanical proper­
ties of the skin typically involves using these properties to 
predict the response of the skin to stresses applied, for example, 
during plastic surgery. This requires that the properties must 
be expressed as a mathematical function so that it may be used 
in the stress analysis equations. In practice, both the functions 
and the analysis are too complex for use and also require biaxial 
test data. All of this type of analysis assumes that skin is a 
homogeneous continuum. This is clearly not true. The proper­
ties of skin depend on its structure at the light microscope level 
and the most promising attempts at developing an analytical 
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model of the skin take this into account [9). At present one 
must conclude that this type of surgical application is possible 
only for the simplest geometries. 
The mechanical properties of any material depend on the 
nature of the chemical bonds which hold the various compo­
nents of the material together, i.e., mechanical testing yields 
information on these bonds. There is now available a great deal 
of knowledge on the structure of collagen, elastin and proteo­
glycans at the molecular level. However, as one moves to higher 
levels of structure, the available knowledge decreases rapidly. 
For example, the manner in which the collagen molecule is 
assembled into the characteristic striated fibril seen in the 
electron microscope is quite well understood but the way in 
which these fibrils are held together in the large fibers seen in 
the dermis is not known in any detail. At a still higher level, the 
detailed arrangement of fibers in the collagen network of the 
dermis is not known at all. In particular, it is not known how 
the fibers are connected to each other in the network. It is 
known that such connections must be spaced less than 1 mm 
apart as skin specimens of this width show the same mechanical 
properties as wider specimens. Possible mechanisms for these 
connections are (i) fiber anastomoses, (ii) interlocking loops, 
(iii) localized glueing together of fibers. None of these have yet 
been observed. 
The marked viscoelastic properties of skin suggest that one 
must look at more than just the collagen molecule as it is a 
covalently bonded structure which will only show very small 
elastic strains in the stress range of interest here. Viscoelastic 
properties may appear at any higher level of structure which 
involves some type of secondary bond. Studies of the viscoelas­
tic properties of tendon [10] suggest that both the collagen 
fibrils and the proteoglycan matrix between the fibrils contrib­
ute to the overall behavior. It is reasonable to assume that this 
is also true in skin. The chemical nature of proteoglycans 
suggests that these very varied and complex materials can 
exhibit a very wide range of complex viscoelastic properties. 
The experimental data for skin shows that the viscous compo­
nent of the stress-relaxation response may arise at any or all 
structural levels from the collagen fibril through the interfibril-
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lar bonds to the connections between the large fibers. However, 
the "ground substance" in the space between the fibers does 
not seem to contribute, at least on the time scale of the above 
experiments. There is no sign of viscoelastic behavior in the 
initial large elastic strain region. The tensile stress-strain re­
sponse of skin in this, the physiological range, is dominated by 
the almost perfectly elastic network of elastin fibers. 
The compression test results show that large volume changes 
take place as a result of fluid transport in and out of the 
compressed tissue. The elastic part of the response is partly due 
to elastic response of the tissue and partly due to blood being 
expressed from the local vasculature. The viscoelastic response 
is partly due to the properties discussed above. In addition the 
movement of fluid in and out of the gel-like "ground substance" 
provides another highly time-dependent mechanism. 
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